Reversible addition fragmentation chain transfer (RAFT) synthesis and self-assembly of free-base porphyrin cored star polymers are reported. The polymerization, in the presence of a free-base porphyrin cored chain transfer agent (CTA-FBP), produced porphyrin star polymers with controlled molecular weights and narrow polydispersities for a number of monomers including N, N-dimethylacrylamide (DMA) and styrene (St). Well-defined amphiphilic star block copolymers, P-(PS-PDMA) 4 and P-(PDMA-PS) 4 (P: porphyrin), were also prepared and used for self-assembly studies. In methanol, a selective solvent for PDMA, spherical micelles were observed for both block copolymers as characterized by TEM. UV-vis studies suggested star-like micelles were formed from P-(PS-PDMA) 4 , while P-(PDMA-PS) 4 aggregated into flower-like micelles. Spectrophotometric titrations indicated that the optical response of these two micelles to external ions was a function of micellar structures. These structure-related properties will be used for micelle studies and functional material development in the future.
Introduction
The controlled organization of functional dyes, such as porphyrins, into polymer supramolecular systems has numerous potentially interesting material applications [1] . Porphyrin containing biological systems, where the dye usually works in aggregated structures, offer insights to these possibilities. Both the chemical structure of the dye and its cooperative interaction with other molecules accomplishes various complex functions such as photosynthesis and electron transfer [2] .
Several porphyrin polymers have been synthesized [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Micellization of these polymers offers the opportunity to organize the nanostructure of dyes in solution. For example, through the self-assembly of a porphyrin-centered amphiphilic star poly(oxazoline) in water/DMF, Jin observed vesicular aggregates [12] . Similar morphology aggregated from monofunctionalized metalloporphyrin polystyrene was also reported by de Loss et al. [14] . Despite these interesting discoveries, the self-assembly behaviour of porphyrin polymers is far from being understood and further research is required. We, therefore, are interested in the synthesis of well-defined free-base porphyrin polymers for self-assembly studies in an attempt at exploring porphyrin chemistry in polymer supramolecular assemblies.
Among various options, living radical polymerization, which can be carried out under mild conditions and is compatible with a wide range of monomers, represents the best choice for this study [14] [15] [16] [17] . As a matter of fact, several groups have explored similar syntheses using nitroxide mediated polymerization (NMP) [15] and atom transfer radical polymerization (ATRP) [14] [15] [16] [17] . Zimmerman reported that NMP could be used to prepare porphyrin cored star copolymers. However, the resulting polymers usually had broad polydispersities and multimodal molecular weight distributions [15] . ATRP catalyzed by transition metals has proven to be successful in the synthesis of well-defined porphyrin polymers. However, its use has been limited to metal ion (Zn(II) [16] , Pd(II) [17] ) coordinated porphyrin initiators and thus the production of metal complexed polymers. Attempts to synthesize polymers containing free-base porphyrin using ATRP was unsuccessful, because Cu(II) (formed by the Cu(I) 2 International Journal of Polymer Science catalyst) will preferentially insert into the porphyrin core [14, 16] . Although metalloporphyrin polymers possess many interesting properties for applications, such as catalysis, light harvesting, oxygen transportation [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , and so on, other increasingly studied applications, such as sensors [18] , prefer free-base porphyrin polymers. In our self-assembly research, free-base porphyrin polymers with optical sensitivity to external ions will be useful in probing aggregate structures.
Reversible addition fragmentation chain transfer (RAFT) [19] provides a distinct advantage in the synthesis of freebase porphyrin polymers. Not only is RAFT a metal-free living radical system, it also has proven over years of intensive research to be compatible with a wide range of monomers, thus offering flexibility in molecular design [20] [21] [22] [23] [24] . Despite these advantages, the preparation of porphyrin polymers via RAFT has not yet been reported [25] [26] [27] [28] [29] [30] [31] [32] [33] .
Herein, we report the synthesis of free-base porphyrin cored star (co) polymers using RAFT polymerization. The polymerization was initiated by AIBN and mediated by a free-base porphyrin cored RAFT agent (CTA-FBP). Welldefined free-base porphyrin cored star homopolymers and amphiphilic block copolymers were successfully produced. Following the synthetic work, the self-assembly behaviours of the porphyrin cored amphiphilic star block copolymers were explored and the optical properties of the porphyrin stimulated by external ions were used to probe the structures of the aggregates.
Experimental
2.1. Materials. 5, 10, 15, 20-tetrakis(4-hydroxyphenyl)-21H, 23H-porphine (THPP), 4-dimethylaminopyridine, and N, N -Dicyclohexylcarbodiimide (DCC) were purchased from Aldrich and used as received. S-1-Dodecyl-S -(α, α -dimethyl-α -acetic acid)trithiocarbonate (CTA1) was synthesized according to a reported procedure [20] [21] [22] [23] [24] . 2, 2 -Azobisisobutyronitrile (AIBN, 99%, Aldrich) was purified by recrystallization from methanol. All monomers were obtained from Aldrich and passed through a short basic alumina column to remove radical inhibitors before use. All solvents and other chemicals were purchased from Aldrich or Alfa Aesar and used as received unless otherwise stated. Spectrophotometric grade methanol was used for micelle preparation and optical behavior studies.
2.2.
Characterization. Both 1 H (400 MHz) and 13 C (100 MHz) NMR spectra were recorded on a Bruker 400 UltraShield spectrometer at room temperature (∼20
• C) with CDCl 3 used as solvent, unless otherwise stated. Molecular weight distributions of the polymer products were recorded using gel permeation chromatography (GPC) at ambient temperature using a system equipped with a Polymer Laboratories 5.0 μm-bead-size guard column (50 × 7.5 mm) and two Polymer Laboratories PLgel 5 μm MIXED-C columns (Molecular weight range of 2,000,000-500 g/mol) with a differential refractive index detector (Shodex, RI-101). Unless otherwise stated, tetrahydrofuran containing triethylamine (5%, v/v) and 2,6-di-tert-butyl-4-methylphenol (0.08 g/L) was used as an eluent at a flow rate of 1 mL/min. Toluene was used as a flow rate marker. Poly(styrene) in the range of 7,500,000-580 g/mol was used as the standard for calibration. Dynamic light scattering (DLS) was performed at room temperature on a Brookhaven light scattering system (BI-200SM Laser Light Scattering Goniometer) with a BI-APD detector using a He-Ne laser at 633 nm. The detector angle was set at 90
• . Transmission electron microscopy (TEM) images were obtained on a JEOL 1200EX Transmission Electron Microscope with an acceleration voltage of 80 kV. For TEM sample preparation, a drop of micellar solution was deposited onto a carbon coated copper grid. The solution was then drained off using a piece of filter paper. All the micelles were negatively stained using uranyl acetate (2%) except Zn 2+ coordinated samples. UV-vis absorption spectra were recorded at room temperature on a Jasco V-530 spectrophotometer using a quartz cell of 1 cm path length. The samples were scanned in the range of 800-250 nm, and the scanning speed was set at 4000 nm/min. Spectrophotometric grade methanol was used as background. Fluorescence measurements were recorded at room temperature on a Jobin Yvon-SPEX FluoroMax-3 fluorometer with excitation wavelength set at 410 nm and with 1 nm of increment and 0.1 s of integration time. The slits for both excitation and emission were set at 2 nm.
Synthesis of CTA-FBP.
A mixture of S-1-dodecyl-S -(α,α -dimethyl-α -aceticacid) (trithiocarbonate CTA1, 605 mg, 1.66 mmol), 5, 10, 15, 20-tetrakis(4-hydroxyphenyl)-21H, 23H-porphine (270 mg, 0.4 mmol) and 4-dimethylaminopyridine (DMAP, 21 mg, 0.17 mmol) in dichloromethane (25 mL), and DMF (0.8 mL) was stirred at 10
• C under nitrogen atmosphere. N,N -dicyclohexylcarbodiimide (DCC, 350 mg, 1.69 mmol) was added in portions. The resulting mixture was stirred at room temperature for 24 hours and then poured into water (20 mL). The product was then extracted into dichloromethane (30 mL × 3). The combined organic phase was dried over Na 2 SO 4 and filtered, with the solvent subsequently removed under reduced pressure. The crude product was purified by column chromatography (eluted with dichloromethane) to afford 335 mg CTA-FBP as a purple solid in 41% yield. 1 AIBN in toluene was first prepared. An aliquot (100 μL) of the AIBN solution was taken and transferred into a tube containing CTA-FBP (10.3 mg, 0.005 mmol) and monomer (2 mmol). The solution was then sealed with a suba-seal and degassed with three freeze-thaw cycles, before back filling with nitrogen. The reaction mixture was immersed into a preheated oil bath at 65
• C for a specified time. The polymer products were precipitated by dropwise addition of the reaction mixture to diethyl ether. The precipitates were filtered off, washed with diethyl ether, and dried in a vacuum. Final products were characterized by 1 H NMR and gel permeation chromatography (GPC). The procedure for the synthesis of amphiphilic block copolymer was the same except using the presynthesized star homopolymer as macro-CTA.
Micellization of Porphyrin Star Block Copolymers.
Micelles were prepared by the following method: to porphyrin cored star block copolymers of P-(PDMA 96 -PS 33 ) 4 or P-(PS 34 -PDMA 239 ) 4 (1 mg), 10 mL methanol was added. The resulting mixture was gently heated to a clear solution before cooling down to room temperature.
UV-Vis Spectrophotometric
Titration. Before titration, stock solutions of 0.025 M, 0.25 M, and 2.5 M aqueous HCl and 0.25 M Zn(OAc) 2 in methanol were prepared. In the titration experiments, 2.5 mL of the porphyrin cored star block copolymer micelle solution in methanol (0.1 mg/mL) was added to a quartz cuvette. The porphyrin concentration was ca. The emission spectrum of the micelle solution was recorded after each addition of NaI.
Results and Discussion

Synthesis of CTA-FBP.
Depending on the chain transfer agent (CTA) structure, two approaches can be used for the synthesis of star polymers via RAFT polymerization:
(1) propagation attached to the core and (2) propagation away from the core. These approaches are usually called Z-group and R-group approaches, respectively [34, 35] . In general, side reactions such as star-star coupling and starchain coupling can occur in the synthesis of stars using the R-group approach, while, in theory, the Z-group approach should avoid this problem. A recent study, however, has shown the R-group approach to be the more efficient and controlled of the two [36] , whilst star coupling side reactions put down due to chain transfer to polymer have also recently been observed in the Z-group approach [37] . Taking the above into account, we chose the R-group approach for the synthesis of our porphyrin cored star polymer. Therefore, the CTA-FBP as shown in Scheme 1 was synthesized by coupling 5, 10, 15, 20-tetrakis(4-hydroxyphenyl)-21H, 23H-porphine (THPP) with S-1-dodecyl-S -(α, α -dimethyl-α -acetic acid)trithiocarbonate (CTA1) in the presence of DCC/DMAP. THPP is a commercially available porphyrin derivative with four symmetrical hydroxyl groups, thus making it a very good candidate for the preparation of the four-arm CTA-FBP. CTA1 is a trithiocarbonate containing a C12 chain and a carboxylic acid group, and is suitable for the RAFT polymerization of a number of monomers [38] . Due to its easy preparation up to large scale and high efficiency in RAFT polymerizations [39] [40] [41] [42] [43] [44] , we used it to couple with THPP. The reaction was conducted in mixed solvents of dichloromethane and DMF. A small amount of DMF was added to aid the dissolution of THPP. The pure CTA-FBP was isolated by column chromatography as a purple solid in moderate yield. The 1 H NMR of CTA-FBP is shown in Figure 1 and the integral of all the peaks is in good agreement with the designed molecule. was initiated by AIBN at 65
• C using a molar ratio of [CTA-FBP] 0 /[AIBN] 0 = 1 : 0.2. Three experiments, with the ratios of monomer to CTA-FBP varied from 400 : 1 to 800 : 1, were carried out. In each case, high yields (>90%) were achieved within 5 hours. The polymers were characterized by GPC, and the traces are illustrated in Figure 2 . Monomodal molecular weight distributions were obtained, suggesting star-star coupling did not have deteriorating effect on the star polymer synthesis. Moreover, the GPC traces shifted to higher molecular weight proportional to the amount of monomer added, thus supporting a living/controlled polymerization process. The molecular weights and molecular weight distributions of the resultant polymers are summarized in Table 1 . Although the target molecular weights are higher than those obtained, it is clear from the low polydispersities, as well as the fact that GPC often underestimates the molecular weights of star polymers due to architecture effects (see later), that the system is well controlled.
To test the livingness of the polymerization, a kinetic experiment was carried out at the ratio of in Figure 3 . As shown, the polymerization followed first order kinetics suggesting a constant concentration of active species throughout the polymerization. Molecular weights and molecular weight distributions of the polymers produced at each time interval were characterized by GPC. These traces clearly show an increment in the molecular weight proportional to the polymerization time and the polydispersity remained below 1.20 throughout the polymerization ( Figure 4) . As mentioned briefly previously, the comparison between the apparent molecular weight of the polymers and theoretical values in Figure 4 indicates GPC analysis provided underestimated molecular weights, especially at higher monomer conversion. Several possible reasons may account for this phenomenon: (1) polystyrene standards were used for molecular weight calculation, (2) star polymers usually have smaller hydrodynamic volumes than linear polymers of the same molecular weight [36] , and (3) it is also possible that some side reactions such as termination occurred at high monomer conversions. Overall, the first order kinetics together with the controlled molecular weight and narrow polydispersity of the resultant polymers suggests the RAFT polymerization of DMA using CTA-FBP to be a controlled route towards the synthesis of these star polymers.
Synthesis of Porphyrin Cored Block Copolymers.
The living characteristics of the polymerization provided an opportunity to synthesize star block copolymers. As shown in Scheme 2, P-(PDMA) 4 (or P-(PS) 4 ) can be used as macro-CTA to initiate the RAFT polymerisation of St (or DMA) for the preparation of amphiphilic porphyrin cored star block copolymers. Successful chain extension upon the addition of the second monomers was confirmed by GPC characterization. Two typical GPC traces for P-(PDMA) 4 and P-(PDMA-PS) 4 are compared in Figure 5 . It is clearly demonstrated that the overall molecular weight shifts to a higher value suggesting an efficient chain extension of the macro-CTA. 1 H-NMR characterization indicated that the polymers consist of both PS and PDMA segments (see Figure 6 ). The block ratio can be estimated from the integration of the appropriate peaks due to PS and PDMA. Using a similar approach, P-(PS-PDMA) 4 was also prepared. The detailed characterization of these two block copolymers is summarized in Table 2 .
Self-Assembly of Porphyrin Cored Star Block Copolymers.
As the optical properties of free-base porphyrin are very sensitive to its aggregation structure and external proton and metal ions, self-assembly of porphyrin star polymers may lead to micelles with different optical properties. Further, porphyrin can be used as a probe to investigate the supramolecular structures of the micelles. We prepared micelles in methanol using both P-(PDMA 96 -PS 33 ) 4 and P-(PS 34 -PDMA 239 ) 4 . Methanol is a selective solvent for PDMA, in which PS aggregates into the cores and PDMA forms the coronas. The resulting micelles were characterized using TEM, with all samples negatively stained. As shown in the images (Figure 7) , both polymers aggregated into spheres with diameters in the range of 20 nm to 60 nm. P-(PDMA 96 -PS 33 ) 4 micelles (see Figure 7 (a)) are smaller relative to those of P-(PS 34 -PDMA 239 ) 4 (see Figure 7(b) ), probably because the molecular weight of the first polymer is lower. The micelle solutions were also characterized using DLS. This characterization indicated that P-(PS 34 -PDMA 239 ) 4 micelles have a diameter of 56 nm in solution, which is consistent with the TEM data (see Figure 7(b) ). However, for P-(PDMA 96 -PS 33 ) 4 micelles, DLS revealed an average diameter of 100 nm, which is much larger than that found in the TEM analysis (Figure 7(a) ). This conflicting result between DLS and TEM suggests a small number of larger aggregates were formed in solution, as DLS normally emphasizes larger particles. The different self-assembly behavior as detected by DLS may also relate to the structure of the polymers. Based on the architectures of the polymers, we can assume that, as shown in Scheme 3, flower and star-like micelles were formed from P-(PDMA 96 -PS 33 ) 4 and P-(PS 34 -PDMA 239 ) 4 , respectively. In the formation of flower-like micelles, it often happens that one molecule may bridge two micelles inducing micellemicelle aggregates, which may be a reason for the formation of a small amount of large aggregates in the P-(PDMA 96 -PS 33 ) 4 system. Following TEM and DLS characterization, we investigated the structure-related optical properties of the micelles and confirmed the formation of the two types of micelles depicted in Scheme 3. UV-vis spectroscopy was used for the primary investigation. Unimers of both polymers in THF exhibited a strong absorption at 416 nm which is a characteristic of the Soret band for porphyrin units. Upon micellization in methanol, the Soret band shifted to 420 nm for P-(PS 34 -PDMA 239 ) 4 micelles, suggesting that porphyrins were indeed embedded in the cores of the micelles [45] . In contrast, the Soret band for P-(PDMA 96 -PS 33 ) 4 micelles in methanol remained at 416 nm, suggesting that the micellization of this polymer did not perturb the porphyrin electronic transition. The segregation of porphyrins as a result of flower-like structures is a likely factor in this phenomenon.
The structure-related optical properties of the micelles were further studied using spectrophotometric titration. Depending on the position of porphyrin in the micelles, a structure-related optical response upon adding acid would be expected. As such, star-like and flower-like micelles should be distinguishable. We first performed UV-vis spectrophotometric titrations of P-(PDMA 96 -PS 33 ) 4 and P-(PS 34 -PDMA 239 ) 4 micelles, respectively, against HCl with the spectra illustrated in Figure 8 . As we can see from the Figures  8(a) and 8(b) , the Soret band and Q-band for the porphyrin in both micelles changed remarkably with the amount of added HCl. For example, the absorption of the Soret band of free-base porphyrin decreased with a concurrent absorbance enhancement at 442 nm due to protonated porphyrin. This result suggests that porphyrin either in the core or the periphery of the aggregates can be accessed by protons. In a quantitative sense, however, differences in the optical response behaviour are observed. These difference can be appreciated by comparing the absorbance changes at 442 nm as a function of the amount of proton added during the titration (see Figure 9 ). As shown in the figure, a relatively large amount of H + was required to protonate the porphyrin in P-(PS 34 -PDMA 239 ) 4 micelles, although the porphyrin concentrations in P-(PS 34 Time (min) P-(PDMA) 4 Figure 5: GPC traces for P-(PDMA-PS) 4 and P-(PDMA) 4 . P-(PDMA-PS) 4 were synthesized through RAFT of St using P-(PDMA) 4 as Macro-CTA. had more difficulty accessing the porphyrin functionality in the P-(PS 34 -PDMA 239 ) 4 star-like micelles relative to the same functionality in the P-(PDMA 96 -PS 33 ) 4 flower-like aggregates. It was possible to entirely prevent protonation of the core porphyrin by transferring the micelles from the original methanol solution to water through a dialysis process (see Figure 10 ). This observation was probably due to tighter packing of PS chains in water compared to in methanol. Overall, these experiments demonstrated that porphyrin can be use to probe subtle change in micellar structure. These micelle structure-related optical properties were more obvious when fluorescence titrations of the micelles in methanol using NaI as quencher were performed. As shown in Figure 11 (a), the fluorescence intensity of P-(PDMA 96 -PS 33 ) 4 flower-like micelles at 651 nm dropped rapidly with increasing amount of NaI. On the contrary, however, for P-(PS 34 -PDMA 239 ) 4 star-like micelles, under the same conditions, there is very little change in the intensity of the fluorescent signal (see Figure 11 (b)), indicating NaI did not effectively quench the photoluminescence of porphyrins embedded inside the cores of the micelles in methanol. functionalizing our porphyrin containing polymers using Zn 2+ metal ions. Zinc acetate (5 × 10 −4 M of Zn 2+ in the quartz cell) was introduced into the P-(PDMA 96 -PS 33 ) 4 and P-(PS 34 -PDMA 239 ) 4 micelles (0.1 mg/mL) at room temperature. Distinguishable UV-vis spectral changes were observed within 17 hours for P-(PDMA 96 -PS 33 ) 4 flower-like micelles due to the formation of a zinc porphyrin complex (see Figure 12(a) ). As a result of the metal coordination, the micelles could be observed in TEM directly without negative staining (see Figure 13) . On the contrary, the UV-vis absorption of P-(PS 34 -PDMA 239 ) 4 star micelles remained the same after three days, suggesting it is difficult to coordinate Zn 2+ with porphyrin trapped in the micelle core. Overall, the metal coordination chemistry observed here as a function of micellar structure offers many possibilities worthy of further exploration, such as in sensors and heavy metal assays. 
Metallization of Porphyrin
Conclusions
We have demonstrated that RAFT, as a metal-free living system compatible with a wide range of monomers, is a powerful and efficient tool for the design and synthesis of free-base porphyrin polymers. The self-assembly of synthesized star block copolymers of P-(PDMA 96 -PS 33 ) 4 and P-(PS 34 -PDMA 239 ) 4 in methanol, a selective solvent for PDMA, led to spherical micelles with the porphyrin positioned either in the core or periphery of the micelles depending on the polymer architecture. The structures were characterized using TEM and DLS. UV-vis and fluorescence studies indicated the micelles possess a structure-related optical behaviour and coordination chemistry, which should prove useful for micelle studies and material exploration in the future.
